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Abstract. The Interball-2 spacecraft travels at altitudes ex-
tending up to 20000km, and becomes positively charged
due to the low-plasma densities encountered and the pho-
toemission on its sunlit surface. Therefore, a knowledge of
the spacecraft potential 8s is required for correcting accu-
rately thermal ion measurements on Interball-2. The deter-
mination of 8s is based on the balance of currents between
escaping photoelectrons and incoming plasma electrons. A
three-dimensional model of the potential structure surround-
ing Interball-2, including a realistic geometry and neglecting
the space-charge densities, is used to ﬁnd, through particle
simulations, current-voltage relations of impacting plasma
electrons Ie(8s) and escaping photoelectrons Iph(8s). The
inferred relations are compared to analytic relationships in
order to quantify the effects of the spacecraft geometry, the
ambient magnetic ﬁeld B0 and the electron temperature Te.
We found that the complex geometry has a weak effect on
the inferred currents, while the presence of B0 tends to de-
crease their values. Providing that the photoemission satu-
ration current density Jph0 is known, a relation between 8s
and the plasma density Ne can be derived by using the cur-
rent balance. Since Jph0 is critical to this process, simulta-
neous measurements of Ne from Z-mode observations in the
plasmapause, and data on the potential difference 8s − 8p
between the spacecraft and an electric probe (p) are used in
order to reverse the process. A value Jph0 ∼ = 32µAm−2
is estimated, close to laboratory tests, but less than typical
measurements in space. Using this value, Ne and 8s can
be derived systematically from electric ﬁeld measurements
without any additional calculation. These values are needed
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for correcting the distributions of low-energy ions measured
by the Hyperboloid experiment on Interball-2. The effects
of the potential structure on ion trajectories reaching Hyper-
boloid are discussed quantitatively in a companion paper.
Key words. Space plasma physics (charged particle motion
and acceleration; numerical simulation studies; spacecraft
sheaths, wakes, charging)
1 Introduction
The charging of a conducting spacecraft in sunlight and
its inﬂuence on low-energy plasma measurements are long-
standing problems in magnetospheric physics, particularly
when the spacecraft body potential 8s is comparable to the
measuredplasmaenergies. Previousstudiesbasedonelectric
ﬁeld measurements showed that typical values of 8s range
from a few volts positive in the inner magnetosphere up to
50V in the tail lobes (Pedersen, 1995). Primarily, ions with
energies lower than 8s are repelled by the spacecraft, while
ions with higher energies may reach the instruments, but at
shifting energies. Consequently, only a fraction of the ion
population is measured. Furthermore, the potential can en-
hance or decrease the number of particles collected through
the inﬂuence of the electric ﬁelds in the spacecraft sheath on
the particle trajectories. Concerning the Interball-2 space-
craft, electric-ﬁeld measurements in the polar regions show
that 8s ranges from 0 up to 12V (Torkar et al., 1999). The
Hyperboloid experiment (Dubouloz et al., 1998), on board
Interball-2, is devoted to measure three-dimensional distri-
butions of low-energy ions (< 80eV). Since the energy of
the measured ions is comparable to the typical values of 8s,366 M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma
Fig. 1. Geometric structure of the Interball-2 satellite. The main
body is a cylinder (radius 0.75m, height 1.60m) along the z-axis.
Four ﬂat solar panels looking like petals, are located in the x − y
plane with extended booms at the end of each panel. Four other
antennas (length 10m) are located in a plane parallel to the x − y
plane. A monopole (length 10m) is inclined at 5◦ to the z-axis.
The spacecraft spins around the z-axis, which is sunward directed.
Therefore, the sunlit parts of the spacecraft are the surfaces perpen-
dicular to the z-axis, i.e. the four solar panels and the top cylindrical
surface.
aknowledgeof8s andthethree-dimensionalpotentialdistri-
bution around the spacecraft body are essential for correcting
ion distributions recorded by Hyperboloid. These concerns
are especially relevant to ion measurements when the space-
craft enters in polar regions, where ion mean energies may
be very low.
The value of 8s is determined by the balance of currents
associated with ambient electrons and ions impacting on the
spacecraft body surface and photoelectrons emitted from it,
which can be expressed as (Garrett, 1981):
Iph − Ie + Ise + Ii = 0, (1)
where Iph, Ie, Ise and Ii denote the currents of photoelec-
trons ﬂowing to the plasma, incident plasma electrons, sec-
ondary electrons due to incident electrons, and plasma ions,
respectively. For positive potentials, Ii is smaller than Ie due
to the ion to electron mass ratio, and can be totally neglected.
Ise has to be taken into account when the spacecraft enters
in eclipse (Grard, 1973). Due to the fact that Interball-2 was
always in sunlight beyond the plasmasphere, Ise is negligible
in our case. Hence, Eq. (1) is reduced to:
Iph − Ie = 0. (2)
The incoming plasma electron current Ie mainly depends on
8s and the characteristics of the electron distribution (i.e.
electron density Ne and temperature Te). The photoelectron
current-voltage relation Iph(8s) is also determined by the
photoelectron energy distribution and the photoemission sat-
uration current density or the photoemission production rate
Jph0 = Iph(8s = 0)/As, where As denotes the sunlit area
of the spacecraft body.
If we consider a spherical body immersed into an unmag-
netized collisionless maxwellian plasma, Ie(Ne,8s) can be
determined analytically (Mott-Smith and Langmuir, 1926),
while an expression of Iph(8s) can be inferred on the ba-
sis of laboratory measurements (Grard, 1973) and in-ﬂight
investigations (see Pedersen, 1995; Nakagawa et al., 2000;
Scudder et al., 2000). Using this current equilibrium as de-
scribed by Eq. (2), a density-potential relation Ne(8s) can
be inferred. In this way, measurements of 8s from electric
ﬁelddouble-probeexperimentsonvarioussatellites(seePed-
ersen, 1995; Escoubet et al., 1997; Torkar et al., 1999) have
been used as a diagnostic method to derive the plasma den-
sity Ne. These previous works assumed a simple geometry
for the spacecraft body and neglected the ambient magnetic
ﬁeld.
In our case study, the geometric structure of Interball-2
is very complex, as described in Fig. 1. Furthermore, at
Interball-2 altitudes from about 8000 up to 20000km, the
ambient magnetic ﬁeld B0 ranges from 1000 to 5000nT, cor-
responding to an electron gyroradius from 0.7 to 3.4m for
an energy about 1eV. Since these values are comparable to
the spacecraft body size, the ambient magnetic ﬁeld should
affect the current-voltage characteristics. Therefore, the
method using Eq. (2) cannot be applicable to the Interball-2
case without taking into consideration the spacecraft geome-
try and the ambient magnetic ﬁeld B0.
Recently, a Laplace solution of the three-dimensional po-
tential structure around the Interball-2 spacecraft was carried
out by Zinin et al. (1995). The model neglects the space
charge effects, but includes a realistic geometry of the space-
craft body and is especially designed for computing parti-
cle trajectories through a three-dimensional potential ﬁeld.
In the present paper, we use this potential structure in the
presence of an ambient magnetic ﬁeld B0 in order to ﬁnd,
through particle simulations, current-voltage relationships of
incoming plasma electrons Ie(8s) and escaping photoelec-
trons Iph(8s). Providing that the photoemission production
rate Jph0 is known, a relation between the ambient density
Ne and 8s is inferred from the equilibrium of currents by
considering different values of B0. Since Jph0 is critical to
this process, in-ﬂight measurements of Ne and 8s are needed
to reverse the process and estimate a value of Jph0 on the
Interball-2 sunlit surface. The main objective of this work
is to infer a systematic table of spacecraft potentials and
plasma densities from electric-ﬁeld double probe measure-
ments. These values are then used in correcting the ion dis-
tributions measured by the Hyperboloid instrument on board
Interball-2 through particle trajectories and for estimating the
unmeasured ion densities at low energy. The ion trajectory
problem is discussed in a companion paper (Hamelin et al.,
this issue).
The outline of the paper is as follows. A brief descrip-
tion of the simulation technique is given in Sect. 2. Current-
voltage characteristics of Ie(8s) and Iph(8s) and compar-
isons with analytic theories are described in Sect. 3. The
dependence of the currents on the different parameters (e.g.
magnetic ﬁeld, photoemission, electron temperature) is stud-M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma 367
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Fig. 2. Equipotential contours in V of the three-dimensional poten-
tial distribution near Interball-2 for 8s = 4V, and 8bias = −8V
in different planes: (a) in the solar panels plane x − y, and (b) in a
meridian plane x − z through the booms.
ied. In Sect. 4, a procedure for determining the photoemis-
sion rate Jph0 is described. The conclusions of the paper and
some discussions of the results are given in Sect. 5.
2 Model description
2.1 A three-dimensional model of the potential distribution
The Interball-2 satellite is modelled according to the draw-
ing in Fig. 1. The Hyperboloid instrument was included in
the model in order to study the electric-ﬁeld perturbations on
thermal ion trajectories reaching the instrument. It is also im-
portant to note that a bias potential 8bias = −6 (from August
1996 to April 1997) or −8V (from April 1997 to September
1998) was applied between the instrument and the spacecraft
body in order to clamp the instrument potential to the plasma
potential. The effect of potential distribution on ion trajec-
tories reaching the Hyperboloid instrument is discussed by
Hamelin et al. (this issue).
The Laplace equation solved to calculate the 3D potential
distribution is linear, so that the potential distribution corre-
sponding to any set of spacecraft and Hyperboloid potentials
can be deduced from the two basic cases:
– spacecraft potential = 1 and Hyperboloid potential = 0,
giving a normalized solution uS(r);
– spacecraft potential = 0 and Hyperboloid potential = 1,
giving a normalized solution uH(r).
The potential solution 8(r) from the Laplace equation can
be then expressed as:
8(r) = 8sus(r) + (8s + 8bias)uH(r), (3)
where 8s is the ﬂoating spacecraft potential in V.
Since the shape of the Interball-2 satellite is very extended,
an accurate description of such a geometric structure re-
quires the use of several grids. First a coarse grid (sizes:
±40 × ±40 × ±30m, grid spacing: 0.5m) is deﬁned in the
wholeofthesimulationdomain6. Secondaﬁnergrid(sizes:
±13×±13×±13m, gridspacing: 0.25m)overhangstheﬁrst
grid and deﬁnes a subdomain  on 6. The internal bound
of  corresponds to the spacecraft body surface. Finally a
third grid (sizes: ±5×±5×±1.5m, grid spacing: 0.025m),
ﬁner than the second grid, deﬁnes a subdomain ω on . The
spacecraft body is centered inside each domain. The method
used to solve the Laplace equation is based on an especially
designed multi-grid algorithm. Details of the method are de-
scribed in Zinin et al. (1995, 1998).
Figure 2 shows an example of equipotential contours of
the 3D potential structure for a given value of 8s. The spa-
tial extent of the potential structure from the center of the
body is about 15m in the x − y plane and 10m along the
z-direction. We can see in the x − y plane wings of positive
potentials extended along diagonal directions. These wings
are due to the electric antennas located below the solar panels
at z = −0.6m (see Fig. 1). The corresponding 3D electric-
ﬁeld model was used in calculating particle trajectories.
2.2 Current calculations
This section describes the method of calculating the electron
and photoelectron current-voltage characteristics. Since the
potential distribution is not calculated self-consistently, elec-
trons and photoelectrons can be computed separately.
The ambient electrons are simulated by using a reservoir
which blankets the simulation system 6, and contains a drift-
ing maxwellian electron population with a density Ne, and
a temperature Te. The thickness of the wall of the parti-
cle reservoirs is chosen to be sufﬁciently large in order to
describe correctly the velocity distribution. A ﬁxed num-
ber of electrons is kept inside the reservoir in order to con-
serve the electron density Ne inside 6. Two values of Te368 M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma
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Fig. 3. Temporal evolution of collected current (thick curve, Ie) and
electron density (thin curve, Ne) in macroparticle unit, for 8s =
4V, Te = 1eV and without magnetic ﬁeld. The electron current is
obtained by counting the number of macroparticles impacting the
spacecraft body surface during a time step.
are considered: 1 and 10eV, corresponding to thermal pop-
ulations, while the suprathermal electron populations are not
computed in our model. Therefore, this model can be applied
only when the satellite travels in regions where the thermal
plasma is dominant. This is the case in most of the regions,
but not always, especially above aurora, where the electron
thermal density can be lower than the density of energetic
particles.
The photoelectrons are uniformly emitted from all the sun-
lit parts of the spacecraft body, and are distributed in velocity
according to a maxwellian distribution with a temperature
Tph = 1.5eV (Grard, 1973) and a saturation current den-
sity Jph0. In some works based on in-ﬂight measurements,
such as Escoubet et al. (1997) or Nakagawa et al. (2000), an
additional term is found in the photoelectron current for po-
tentials greater than about 10V. Since 8s is less than 12V in
our case (Torkar et al., 1999), this term is not needed in the
calculations.
Each particle (electron or photoelectron) is characterized
by a negative charge qe, and a mass me. The particle tra-
jectories are performed by solving the equation of motion of
computer particles (electrons and photoelectrons) given by:
me
dV
dt
= qe
 
E(r) + V × B0

, (4)
where B0 is the ambient magnetic ﬁeld and E is the elec-
tric ﬁeld due to the spacecraft charging. The particle motions
were advanced in each time step 1t using a leapfrog inte-
gration technique. The electric ﬁeld E(r) was obtained from
the 3D potential solution 8(r) from the Laplace equation.
E(r) was interpolated with a scheme which provides a ﬁeld
accuracy of about 10−4 (Hamelin et al., this issue).
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Fig. 4. Electron current-voltage characteristics for electron temper-
atures of Te = 1eV (solid) and Te = 10eV (dashed), for B0 = 0
(circles), B0 = 1µT (squares) and B0 = 5µT (triangles). The
two other curves correspond to the characteristic for a small Lang-
muir probe. All the characteristics are normalized with respect to
the electron current for Te = 1eV, B0 = 0 and 8s = 0.
3 Numerical results
Particle trajectories were computed by using a Laplace solu-
tion for the 3D potential ﬁeld, as described in Sect. 2. The
main plasma parameters are summarized in Table 1. Several
values of the ﬂoating spacecraft potential 8s have been con-
sidered, ranging from 0 to 10V. The bias potential 8bias ap-
plied between Hyperboloid and the spacecraft body is −8V.
However, the Hyperboloid area is insigniﬁcant compared to
the spacecraft body area for disturbing the electron and pho-
toelectron current-voltage relations. We performed calcula-
tions with and without ambient magnetic ﬁeld B0, in order
to separate geometric and magnetic effects on the currents.
The magnitude of B0 ranges from 1 to 5µT, corresponding
to altitudes about 20000 and 8000km, respectively. When
the satellite travels from the dayside to the nightside auroral
zone, the angle α between B0 and the solar panels (x − y
plane) ranges from −30◦ to 30◦. In our simulations, B0 is
contained in the x − z plane and different values of α are
studied, as listed in Table 1. Using analytic calculations,
Escoubet et al. (1997) pointed out that in a tenuous plasma
(Ne < 1cm−3), the electron temperature Te may act as a sen-
sitive parameter in determining the relation between Ne and
8s. Since Ne may be lower than 1cm−3 when Interball-2
enters in polar regions, it is necessary to study the effect ofM. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma 369
0
1
2
3
4
0123456789 1 0
Spacecraft Potential in V
N
o
r
m
a
l
i
z
e
d
 
e
l
e
c
t
r
o
n
 
c
u
r
r
e
n
t
angle=0°
angle=30°
angle=-30°
Fig. 5. Normalized electron current-voltage characteristics for Te =
1eV, B0 = 1µT and different values of the angle α between B0
and the x − y plane: α = −30◦ (thin dashed curve), α = 0◦ (solid
curve) and α = 30◦ (thick dashed curve).
Te on the incoming electron current Ie.
3.1 Incoming plasma electron current-voltage relation
The simulation for ambient electrons starts at t = 0 with
an empty volume. When t > 0, the electrons are simulated
with the reservoir blanketing the volume, and progressively
ﬁlling the box. Figure 3 shows the time history of electron
collection by the spacecraft and the total electron density, as
seen from a particular run. It took here about 70µs for the
collected current and the ambient density to reach a quasi-
steady state, which corresponds roughly to the average time
foranelectronfromthereservoirtoreachthespacecraftbody
across the simulation system. Electron current-voltage rela-
tionships were established by repeating simulations, for vari-
ous values of B0 and Te. Figure 4 shows the resulting curves
for α = 0.
3.1.1 Geometrical effects
The collected current without magnetic ﬁeld (circles) can be
compared to the current collected by an electrostatic probe
with sizes smaller than the electron Debye length and given
by (Garrett, 1981):
Ise = Ie0
 
1 + 8s/Te

, (5)
Table 1. List and values of numerical parameters used in the simu-
lations
Deﬁnition Notation Value(s)
Spacecraft body potential 8s 0–10V
Ambient magnetic ﬁeld B0 0, 1, 5µT
Angle between B0 and the x-axis α −30,0,30◦
Electron temperature Te 1–10eV
Photoelectron temperature Tph 1.5eV
Electron gyroradius ρe 0.7–11m
Photoelectron gyroradius ρph 0.9–4.3m
Electron gyrofrequency fce 27–132
kHz
Simulation time step 1t 5.7 10−8 s
where Ie0 denotes the electron thermal current given by:
Ie0 = 0.026ATNe
p
Te . (6)
This current corresponds for a maxwellian distribution to the
electron current collected by a body at the plasma potential
(8s = 0). AT is the total spacecraft body area about 32m2
for Interball-2, Ne is the plasma density in cm−3, and Te is
the electron temperature in eV. The curve for B0 = 0 is very
close to the curve corresponding to Eq. (5). This points out
that the electron collected current is not sensitive to complex
geometrical effects.
3.1.2 Magnetic ﬁeld and electron temperature effects
For Te = 1eV, the collected currents for B0 = 1µT
(squares) and B0 = 5µT (triangles) are smaller than the
collected current in an unmagnetized medium. This effect
has been already identiﬁed in previous theoretical and nu-
merical works of current collection by a probe in a magne-
tized plasma (see Laframboise and Sonmor, 1993; Singh et
al., 1994). The electrons collected by the body come from
a bunch of ﬁeld lines forming a cylindrical volume aligned
with the magnetic shadow of the body, the transverse size
depending mainly on the electron gyroradius for moderate
potentials. For Te = 10eV, the electron gyroradius becomes
greater than the spacecraft dimensions, and therefore the col-
lected currents for B0 = 1µT (squares) and B0 = 5µT
(triangles) are found closer to the collected current in an un-
magnetized medium. This means that for Te > 10eV and
altitudes above 19000km, electrons can be considered as un-
magnetized.
Figure 5 shows the plasma electron current for B0 = 1µT
and different values of α. For any value of 8s, we found
a difference on the currents of about less than 10%. This
points out that for the angular range considered, there is a
minor effect in the orientation of B0.370 M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma
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Fig. 6. Photoelectron current-voltage characteristics for B0 = 0
(circles), B0 = 1µT (squares) and B0 = 5µT (triangles). The
dashedanddash-dot curvesdisplaythecurrentsejectedfromapoint
source and from a planar surface, respectively. All the curves are
normalized with respect to the photoelectron saturation current.
3.2 Escaping photoelectron current-voltage relation
The simulation for emitted photoelectrons starts at t = 0 by
distributing uniformly a maxwellian population on the space-
craft sunlit surfaces. When t > 0, the photoelectron motion
is followed by solving Eq. (4) for each computer particle.
For a particular run, Iph(8s) is determined by the fraction of
photoelectrons which reached the ambient plasma by leav-
ing the simulation domain 6. Figure 6 shows the resulting
photoelectron current-voltage characteristics for α = 0◦, and
different values of B0.
3.2.1 Geometrical effects
The ejected current for B0 = 0 (circles) is compared to the
currents ejected from a small spherical electrostatic sample
or a point source (dashed curve) and from a planar surface
(dash-dot), given by (Grard, 1973):
Small sample:ISph
= ASJph0
 
1 + 8s/Tph

exp
 
− 8s/Tph

(7)
Planar surface:IPph = ASJph0 exp
 
− 8s/Tph

, (8)
where Jph0 is the photoelectron production rate, and AS =
12m2 is the total sunlit area. The ejected current is max-
imum in the point source case, when the spacecraft body
size is lower than the photoelectron Debye length, as previ-
ously reported by Grard (1973). In the point source case, the
equipotential surfaces are spherical, and therefore the pho-
toelectrons are always emitted parallel to the electric ﬁeld
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Fig. 7. Normalized photoelectron current-voltage characteristics for
B0 = 1µT and different values of the angle α between B0 and the
x − y plane: α = −30◦ (dotted curve), α = 0◦ (solid curve) and
α = 30◦ (dashed curve).
lines, and are reﬂected at a distance depending on their en-
ergy and not on the direction along which they have been
emitted. The situation is somewhat different in the planar
probe case: the equipotential surfaces are then planar, and
therefore the distance at which a photoelectron is reﬂected
also depends on the orientation of the emitted velocity vec-
tor. Therefore, all the photoelectrons of energies just higher
than 8s can escape into the plasma in the point-source case,
against only photoelectrons emitted close enough to the per-
pendicular direction in the planar surface case. This results
for a given spacecraft body potential in the velocity phase
space, in a lower number of ejected particles for a planar sur-
face. The case of a spacecraft (e.g. Interball-2) is obviously
intermediate between these two extreme cases.
3.2.2 Magnetic ﬁeld effects
The ejected current-voltage characteristics for B0 = 1µT
(squares) and B0 = 5µT (triangles) are smaller than the
ejected currents in an unmagnetized medium. By taking, for
example, 8s = 4V and B0 = 0, about 18% of the photo-
electrons leave the simulation box. This fraction decreases
down to 9% and 4% for B0 = 1µT and B0 = 5µT, re-
spectively. This is due to the gyration motion of photoelec-
trons curving some trajectories back to the spacecraft body,
since the photoelectron gyroradius is less than the spacecraft
sizes. For this reason, when B0 increases, a signiﬁcant part
of the photoelectron distribution returns back to the space-
craft body surface. This effect acts as an additional processM. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma 371
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on the photoelectrons with energies below 8s and returning
to the spacecraft.
Figure 7 shows the photoelectron current for B0 = 1µT
and different angles between B0 and the solar panel plane
x−y. For α = ±30◦, the net photoemission current Iph(8s)
is found to be about 10% higher than in the case of α = 0◦.
This points out that in our case, the orientation of B0 plays a
minor role in calculating Iph(8s).
3.3 Density-potential relation
In space, the spacecraft potential 8s ﬂoats with respect to
the ambient plasma conditions, as described by the balance
of currents in Eq. (2). By using the current-voltage charac-
teristics derived above, Eq. (2) provides a relationship be-
tween 8s and the various ambient parameters, providing that
the full emitted photoelectron current density or the photoe-
mission production rate on the spacecraft sunlit surface is
known. Figure 8 shows the resulting Ne(8s) relations for
different values of B0. The cases where B0 is not in the solar
panel plane x − y are not displayed in Fig. 8, but these cases
are discussed in the next section. We took a photoemission
production rate Jph0 about 50µAm−2, which corresponds to
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Fig. 9. Interball-2 data obtained on 13 July 1997 between 13:30
and 14:00 UT, around the plasmapause. From top to bottom: (a)
wave spectrogram in dB from the POLRAD electric (Y) antenna,
(b) spacecraft potential measurements in V with respect to the
electric probes from the IESP experiment, (c) H+ ion ﬂuxes in
(m2 eVssr)−1 versus time and energy from Hyperboloid.
the typical value inferred for previous magnetospheric mis-
sions (Pedersen, 1995; Escoubet et al., 1997). The unmag-
netized curves are compared to the analytical solution for an
unmagnetized point source with the same total area, as ob-
tained by setting Eq. (5) equal to Eq. (7) and solving for Ne:
Ne(cm−3)
=
ASJph0
0.026AT
√
Te
1 + 8s/Tph
1 + 8s/Te
exp
 
− 8s/Tph

. (9)
It is found that the Ne(8s) curve for B0 = 0 is close to the
analytical solution for a point source. This result is com-
prehensible, as discussed earlier in Sect. 3.2, because the
effect of the complex geometrical surface is found negligi-
ble in the current calculations. For an electron temperature
Te = 1eV, the effect of B0 is weak on Ne(8s). This is due
to the fact that both collected electron and ejected photoelec-
tron currents are reduced under the effect of B0, but by the
same factor, because Tph is comparable to Te in this case.
In contrast, for Te = 10eV, ambient electrons are found as
unmagnetized, while the photoelectron population remains
magnetized. Therefore, for high electron temperatures, the
inﬂuence of B0 is more signiﬁcant in the resulting Ne(8s)
curves in our altitude range of interest (8000–20000km).372 M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma
Φp
(0)=0
                Eq. (10)
Φs
(i)= Φp
(i-1)+ Φsp
         Eq. (15)                              No   
Jph0
(i)=Ne f(Φs
(i),B0,Te)
                 Eq. (12)
Φp
(i)
if Φs
(i)-Φs
(i-1)/ Φs
(i)<ε
& Jph0
(i)-Jph0
(i-1)/ Jph0
(i)<ε
&Φp
(i)-Φp
(i-1)/ Φp
(i)<ε
Yes
Step 0
Step i>0
Fig. 10. Flow chart of the procedure used for determining the pho-
toemission rate.
4 Applications including diagnostic measurements
4.1 Determination of the photoemission saturation current
4.1.1 Formulation of the problem
Laboratory measurements of photoemission properties of
materials have been published by Grard (1973), who used
the solar spectrum, together with these laboratory measure-
ments, in order to determine photoelectron characteristics.
The photoemission production rate Jph0 is about 30µAm−2
for indium oxide, which is the coating material of Interball-
2, and 13µAm−2 for vitreous carbon, which is used for the
electric ﬁeld probes. Actually, inferred values in space are
higher than from laboratory tests (Pedersen, 1995), probably
because gas contamination during the pre-launch can pro-
duce a surface layer of higher photoemission rate when ex-
posed to solar radiations over a longer period. Conversely,
when the perigee altitude is lower than 1000km, as for
Interball-2, the value of Jph0 can be signiﬁcantly reduced,
presumably due to impacts of atmospheric oxygen on the
spacecraft body surface (Pedersen, 1995). All these unlinked
effects suggest how difﬁcult it is to determine the variations
of Jph0 on the spacecraft body surface along its orbit. Previ-
ous missions (Pedersen, 1995) showed that Jph0 ranges from
0
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Fig. 11. Results of diagnostic measurements. The diamonds show
the measurements of 8sp and Ne inferred from the IESP and POL-
RAD experiments, respectively. The curve corresponds to a ﬁtted
Ne(8sp) relation for Te = 1eV, B0 = 1µT, α = 30◦, and by
assuming a value of the photoemission rate Jph0 = 32µAm−2.
10µAm−2 for low-altitude orbits (e.g. Viking, CRRES) to
80µAm−2 for high-altitude orbits (e.g. ISEE, GEOS).
The aim of this section is to determine a value of Jph0
for the Interball-2 case. For doing so, current-voltage char-
acteristics from the simulations showed earlier, and in-ﬂight
measurements are used.
4.1.2 Method
When the Interball-2 satellite enters the plasmapause at
altitudes about 15000km, the electron gyrofrequency fce
is about 25–50kHz, and becomes lower than the electron
plasma frequency fpe. Under these conditions, cold plasma
theory predicts the existence of four separately identiﬁable
plasma wave modes at frequencies near fce and fpe (Stix,
1962). These modes are the free-space right-hand extraor-
dinary (R–X) mode, the free-space left-hand ordinary (L–
O) mode, the Z-mode, and the whistler mode. The low-
frequencycutoffoftheR–XandL–Ofree-spacemodesareat
fpe, and the R = 0 cutoff fR = Fce/2+

(fce/2)2+f 2
pe
1/2,
respectively. The Z-mode is limited by the upper hybrid
resonance, fUH =

f 2
ce + f 2
pe
1/2, and the L = 0 cutoff,
fL = −Fce/2 +

(fce/2)2 + f 2
pe
1/2. When fce < fpe, the
whistler mode propagates at frequencies below fce. In these
conditions, the values of fpe and fR are very close to fUH.
However, only the Z-mode has a upper-frequency boundary
above fce.M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma 373
An example of plasmapause crossing by Interball-2 is
giveninFig.9. Panel(a)showstheelectriccomponentpower
spectrum, as measured by the POLRAD experiment (Hanasz
et al., 1998) below 100kHz, with a frequency resolution of
4kHz. Figures 9b and 9c show spacecraft potential measure-
ments by electric ﬁeld double-probes, and the low-energy
ion ﬂuxes measured by the Hyperboloid experiment, respec-
tively. The electron gyrofrequency deduced from magnetic
ﬁeld measurements is represented by a dashed curve in the
wave spectrum. From about 13:50 UT, Interball-2 progres-
sively enters the plasmasphere, as evidenced by a cold and
dense proton population on Hyperboloid data. From about
the same time, a intense emission is observed at frequen-
cies above fce, and is tracked by crosses in the wave spec-
trum. Unfortunately, the magnetic wave-ﬁeld components
were unavailable during this time period. However, the nar-
row banded nature of the emission, and the fact that it is ob-
viously of non-gyroharmonic nature, leads us to assume that
this emission corresponds to the upper-hybrid resonance of
the Z-mode. The plasma density can be then inferred from
the formula deﬁning fUH (inkHz):
Ne = 0.0123
 
f 2
UH − f 2
ce

cm−3 . (10)
Simultaneously, data on the spacecraft potential (panel b) are
gatheredbytheIESPexperiment(Perrautetal., 1998), which
comprises double probes in order to measure the electric ﬁeld
as well as the potential between the spacecraft body (s) and
the probe (p):
8SP = 8s − 8p . (11)
A bias current Ibias = 110nA was sent to the probes in order
to clamp 8p to near the plasma potential. Ibias is added to
the plasma electron current in order to compensate for the
photoemission current on the probe’s surface. The value of
8p is adjusted to maintain the current balance in the probe’s
surface:
Iph
 
Jph0,8p

− Ie
 
Ne,8p

− Ibias = 0. (12)
The probe has a radius rs = 4cm, smaller than the photo-
electron Debye length (∼1m) and the photoelectron gyrora-
dius (4m). Under these conditions, the photoelectron current
rejected from the probe is the same as for an unmagnetized
point source:
Iph
 
Jph0,8p

= π r2
s Jph0
 
1 + 8p/Tph

exp
 
− 8p/Tph

. (13)
For the same reasons, the electron current can be expressed
as:
Ie
 
Ne,8p

= 4π r2
s 0.026Ne
p
Te
 
1 + 8p/Te

. (14)
Using the current equilibrium on the spacecraft’s surface, as
inferred from numerical simulations, we obtain an additional
relation between Jph0, Ne and 8s (Sect. 3):
Jph0 = Nef
 
8s,Te,B0

. (15)
Equations (10), (11), (12) and (15) form a system of 4 equa-
tions in 5 unknowns: Ne, Te, 8s, 8p, and Jph0. Setting one
of the unknowns allows for the system to be solved. When
Interball-2 travels in the plasmapause, the angle between B0
and the solar panel plane x − y is about +30◦ and the mag-
nitude of the ﬁeld is about 1µT. Furthermore, the value of
Te in the plasmasphere is about 1eV, as conﬁrmed by mea-
surements from the KM7 experiment on Interball-2 (Afonin
et al., 2000). Therefore, we used for Eq. (15) the numerical
relation according to these conditions, i.e. Te = 1eV and
B0 = 1µT with an angle of +30◦. The system of equations
is solved using an iterative procedure according to the ﬂow
chart of Fig. 10. Initially, we start setting the probe potential
to the plasma potential : 8p
(0) = 0. At the ﬁrst step, the
spacecraft potential 8s
(1) is obtained from IESP measure-
ments (Eq. 10) 8s
(1) = 8p
(0) + 8sp. The value 8s
(1) is
then used with the measurement of Ne to ﬁnd the photoe-
mission rate Jph0
(1) from Eq. (15). Then, we determine the
probe potential 8p
(1) from Eq. (12). At the next step, the lat-
ter value of the probe potential 8p
(1) is added to 8sp to ﬁx
the spacecraft potential 8s
(2). We then iterate this process
until all the unknowns (i.e 8s
(i),8p
(i),Jph0
(i)) converge,
attaining an minimum accuracy ε.
We assumed here that the photoemission rate is nearly the
same for the spacecraft body and the probe. This hypothesis
was justiﬁed for previous magnetospheric missions (Peder-
sen, 1995), showing that the potential difference between the
spacecraft body and a ﬂoating probe (i.e. no bias current ap-
plied) was found about a fraction of a volt in a wide range of
plasma conditions. The calculation method also imposes the
condition that Jph0 has to keep roughly the same value dur-
ing the period of the measurements, which is clearly the case
in the absence of the eclipse and due to the narrow altitude
range considered.
4.1.3 Results
Figure 11 shows the values for 8sp and Ne related to con-
jugate measurements by IESP and Z-mode observations dur-
ing the period between July 1997 and October 1997. After
solving the system of equations for all the measurements, we
found an average value of Jph0 = 32 ± 5µAm−2. We have
represented in the graph the Ne(8sp) relation for Te = 1eV
and Jph0 = 32µAm−2. It is interesting to compare our esti-
mated value of Jph0 with the values inferred from laboratory
measurements and previous studies for other satellites. This
value is in the range [10, 80µAm−2] inferred from elec-
tric ﬁeld double-probe measurements on board previous mis-
sions (Pedersen, 1995; Escoubet et al., 1997; Nakagawa et
al., 2000). The value Jph0 = 32µAm−2 is very close to the
value inferred from laboratory measurements (Grard, 1973)
which is about 30µAm−2 for indium oxide surfaces. If we
compare Jph0 to the values inferred from satellites coated in
indium oxide, such as Geotail (Nakagawa et al., 2000), our
value differs approximately by a factor of 2.5(32µAm−2
against 80µAm−2). Pedersen (1995) points out that Jph0
values are generally higher in space. However, the same au-374 M. Bouhram et al.: Electrostatic interaction between Interball-2 and the ambient plasma
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Fig. 12. Relations for B0 = 1µT between: (top) the spacecraft-
probe potential measured by IESP and the spacecraft potential with
respect to the plasma, (bottom) the spacecraft-probe potential mea-
sured by IESP and the plasma density. The plotted curves are asso-
ciated with the following parameters : Te = 10eV, α = 0◦ (red),
Te = 1eV, α = −30◦ (purple), Te = 1eV, α = 0◦ (blue), and
Te = 1eV, α = +30◦ (green).
thor shows that these values can be reduced for satellites hav-
ing a low-altitude perigee (< 1000km). Another possible ef-
fect on Interball-2 is that frequent gas releases (once in 12h)
used to damp the nutation of the satellite can keep Jph0 low
(Galperin, private communication).
4.2 Spacecraft potential and density tables
A value of the photoemission production rate Jph0 has been
deduced from in-ﬂight measurements and simulation results,
as described in the last section. Using this value, the plasma
density Ne can be deduced from 8s by using the relations
inferred numerically from Laplace simulations. Along the
Interball-2 orbit, the IESP experiment provides the potential
difference 8sp between the spacecraft body (s) and the elec-
tric probes (p). Therefore, it is possible to determine system-
atically the values of the plasma density Ne and the ﬂoating
spacecraft body potential 8s, with respect to the plasma. In
this way, Eqs. (11), (12) and (15) can be computed numer-
ically for Jph0 = 32µAm−2, and values of 8sp, ranging
from 0 to 10V, with the following unknowns Ne, 8s, 8p
and Te. Two values of Te are considered: Te = 1eV and
Te = 10eV, and the ambient magnetic ﬁeld B0 is taken to
be about 1µT, with α ranging from −30◦ to 30◦. This mag-
nitude of B0 corresponds to altitudes ranging from 15000 to
20000km along the Interball-2 orbit.
Figure 12 shows the resulting curves of 8s and Ne ver-
sus 8sp. For Te = 1eV, the 8s(8sp) and Ne(8sp) depend
weakly on the angle α between B0 and the solar panel plane
x − y. The ﬂoating spacecraft body potential versus 8sp is
not sensitive to the electron temperature for measurements
above 2V. An asymptotic linear shape is found above 2V.
This is due to the fact that when Ne decreases very low, the
electron current collected by the probe (see Eq. 14) becomes
negligible in Eq. (12). Therefore, the value 8p insures the
equilibrium between the bias current and the photoelectron
current, giving a constant value of about 2V, and 8s can be
asymptotically expressed as:
8s = 8sp + 2.0V. (16)
However, the plasma density remains more sensitive to the
electron temperature Te when 8sp is less than 4V. This result
waspreviouslyreportedinSect.3.3, andisduetothefactthat
the electron population becomes unmagnetized when Te is
high (above 10eV), modifying signiﬁcantly the current equi-
librium. While Te is undetermined, Ne can be estimated only
with a limited accuracy. Therefore, the electron temperature
has to be taken into account when the satellite enters into re-
gions where suprathermal electrons are observed, such as the
auroral zones.
During the working periods of the IESP experiment, these
diagnostic curves will be put as input parameters for deter-
mining the ﬂoating spacecraft potential with respect to the
plasma. An example is given in Hamelin et al. (this issue),
where the knowledge of 8sp and therefore 8s is used to per-
form both energy and angular corrections on ion distributions
measured by the Hyperboloid instrument.
5 Summary
A method for determining the ﬂoating potential 8s of the
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rameters has been developed on the basis of the current bal-
ance between photoelectrons rejected from the spacecraft’s
sunlit surface and incoming plasma electrons. In contrast to
previous works based on this method (see Pedersen, 1995;
Escoubet et al., 1997), the spacecraft model is not approxi-
mated to a simple geometry and consequently, analytic for-
mulas are not useful. In this way, current-voltage relations
of escaping photoelectrons Iph(8s) and incoming plasma
electrons Ie(8s) are inferred numerically from particle tra-
jectories in a realistic three-dimensional model of the poten-
tial distribution surrounding Interball-2 in the inﬁnite Debye
length limit (i.e. Laplace solution). By comparing the simu-
lationresultswithanalyticrelationships, wepointoutthatthe
inferred current-voltage relations are weakly modiﬁed by the
complex geometrical effects. Furthermore, we have studied
the dependence of the currents on the different parameters,
such as the electron temperature Te, the magnitude and the
directionoftheambientgeomagneticﬁeldB0. Fortheorbital
conditions considered, the magnitude of B0 has a more larger
effect on the current-voltage relations than its orientation in
the spacecraft frame. Actually, the main effect, when B0 is
included, is to reduce both Iph(8s) and Ie(8s), because of
particle gyroradii comparable to the spacecraft dimensions.
When B0 is ﬁxed, the current equilibrium between Iph(8s)
and Ie(8s) provides a relation between 8s and the plasma
parameters (electron density Ne and temperature Te). Mean-
while, in order to obtain realistic values of Iph, we need to
know the photoemission rate or the saturation current den-
sity Jph0 = Iph(8s = 0)/As, where As denotes the space-
craft’s sunlit area. In this way, we have developed a reversed
method, using in-ﬂight measurements of Ne and the poten-
tial difference 8sp = 8s − 8p between the spacecraft and
an electric probe. The method consists of solving, by set-
ting Te = 1eV, a system of four equations with Ne, 8s,
8p and Jph0 as unknowns. The inferred photoemission rate
Jph0 is about 32µAm−2, comparable to laboratory predic-
tions (Grard, 1973).
Once Jph0 is determined on Interball-2 and providing that
B0 andTe areknown, valuesoftheplasmadensityNe andthe
spacecraft potential 8s can be found systematically from in-
ﬂightmeasurementsof8sp, withoutanyanalyticcalculation.
Measurements of B0 are currently available from DC mag-
netometers. The situation is somewhat different for Te. Since
measurements of Te are not systematic, we have considered
two extreme values Te = 1 to 10eV in order to have an idea
of the uncertainty when determining Ne and 8s. Such values
of Te correspond to plasma conditions where cold electron
populations are dominant, such as in the polar regions or in
the plasmapause. It is found that 8s can be inferred precisely
from 8sp, while the accuracy in determining Ne is still lim-
ited.
All these results are fundamental for correcting thermal
ion measurements on Interball-2. In particular on Interball-2,
the knowledge of 8s is essential for studying the spacecraft
charging effects on the ion distributions recorded by Hyper-
boloid, such as the distortion effects on the ion trajectories
reaching the vicinity of the instrument (see Hamelin et al.,
this issue). Systematic estimations of 8s and Ne, along with
angular corrections providing that measurements of 8sp are
available, will be used in correcting ion distributions. Fur-
thermore, the knowledge of Ne provides an estimation of the
density of low-energy ions repelled by the potential struc-
tureandmissedbytheinstrument. Ultimately, aHyperboloid
database will take into account these corrections for the two-
year working period of the instrument.
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